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ABSTRACT. 

I 

The l a t e r  s t a g e s  of s t e l l a r  evolu t ion ,  when t h e  i n t e r n a l  

temperature is above lo9 OK, are  aE€ected by neutrino pxodesse8. 

Under t h e s e  cond i t ions  t h e  neut r ino  emission occurs  a t  a r a t e  

higher than t h e  photon emission r a t e .  It is found t h a t  t h e  . 

homology r e l a t i o n  (Density) (Temperature) breaks down completely 

and t h a t  i n  gene ra l  t h e  dens i ty  rises much faster than  t h e  t h i r d  

power of temperature.  I n  regions where nuc lear  burning commences 

(C12 - 0l6 o r  0l6 - 0l6 r eac t ions )  t h e  i n t e r i o r  s t e l l a r  s t r u c t u r e  

is determined by the condi t ion:  (Nuclear Energy Product ion R a t e )  

+ (Neutrino Energy Di8sipatiOn Rate) = 0. such curves have nega- 

t i v e  power dependence on temperature ( p  - T-12) or are i so thermal  

depending on t h e  dens i ty .  The r a p i d  removal of energy from t h e  

core of t h e  s t a r  r e s u l t s  i n  a s h o r t  t i m e  s c a l e  for  these s t a g e s  

and t h e  s t a r  cont inues  t o  con t r ac t .  The s t a r s  evolve ( independent ly  

of t h e i r  mass) t o  a very high c e n t r a l  d e n s i t y  (- 10 g/cm3) a t  9-10 

a r a t h e r  l o w  c e n t r a l  temperature (- 3-4 x lo9 OK). 

concluded t h a t  t h e  s t a r  does not reach t h e  full iron-helium phase cha 

It may be 

as p rev ious ly  suggested (Fowler and Hoyle, 1964). Stellar c o l l a p s e  

w i l l  be induced a t  t h i s  dens i ty  and temperature e i t h e r  by B-transi- 

t i o n  or by a small amount of iron-helium t r a n s i t i o n .  

t 
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I hTRODUCTION 

The problem of supernova collapse has acquired considerable 

interest in recent years, in connection w i t h  general relativity 

and element synthesis. In most literature conclusions are based 

OA oxtremely simplified structures.for presupernova Stars.  

most often quoted presupernova model is a polytropic model Of 

The 
. e  

polytropic index n = 3, and the subsequent contraction to a dynamical 

s te l lar  evolution when the temperature exceeds lo9 OK, it has been 

shown that neutrino processes will dissipate stellar energy rapidly, 
$ 

with a time scale for evolution of the order of a few thousand 

years or less, this time scale is shorter than the time scale for 

redistribution of radiation energy in the star. On the other hand 

in the homologous contraction hypothesis it is implicitly assumed 

that the time scale for energy redistribution is much shorter than 

the time scale for stellar evolution. Therefore, homologous 

contraction hypothesis cannot be applied to stellar'evolution 

problems when 'T cy > lo9 OK. It is the purpose of this paper to 

discuss the structure of presupernova stars without assuming the 

validity of the homologous contraction hypothesis. 

THE BASIC EQUATIONS 

The stellar structure equations are 
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The n o t a t i o n s  used a r e  t h e  standard no ta t ions  (e.g. those  used 

by Schwarzschild (1958) ) . 
W e  now d i s c u s s  t h e  inf luence  of neu t r ino  processes  on s t e l l a r  

s t r u c t u r e .  The cross section f o r  i n t e r a c t i o n  of neu t r inos  w i t h  
> .  -44 2 I mat te r  is  around 10 c m  , i n  c o n t r a s t  t o  t h a t  f o r  photons which 

2 
I .  is around - c m  . The mean free pa th  f o r  neu t r inos  F 

i n  lead is around one l i g h t  year! Only under extreme d e n s i t y  

cond i t ions  ( p  2 g/cm3) must one cons ider  t h e  abso rp t ion  of 

n e u t r i n o s  by s t e l l a r  mat te r  (Chiu 1964).  Neutrino o p a c i t i e s  i n  

. .  dense  matter have been considered by Bahcall  (1964) 

and F r a u t s c h i  (1964). S i n c e  t h e  s t a r  does no t  absorb neu t r inos ,  

t h e  only  place they  can e n t e r  t h e  s t e l l a r  s t r u c t u r e  equat ions  i s  

through equat ion  (3) which describes t h e  energy balance of t h e  

and Bahcall  
- 

I 

s tar .  I n  equat ion  (3) & is the energy product ion t e r m ,  and w e  have 
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where &gr is t h e  r a t e  of g r a v i t a t i o n a l  energy r e l e a s e  ( i n  ergs/g-see),  

W e  shall now estimate the r a t e  of photon energy g r a n s f e r  and 

t h e  r a t e  of neu t r ino  emission i n s i d e  a s t a r .  The photon o p a c i t y  .. 
of s t e l l a r  mat te r  is always g r e a t e r  than  ne = 0.19 cm2/g  xPh 

( t h e  opac i ty  for e l e c t r o n  s c a t t e r i n g ) .  The mean free p a t h  of photons 

is roughly ( l /xe)  i n  g /cm2 ,  and. hence is  always s h o r t e r  t han  5 g/cm2..  

The luminosity of a s t a r  a p a r t  from a numerical factor  which is 
8 

no t  very d i f f e r e n t  from u n i t y  is roughly 
Photon Enerqy Content of t h e  S ta r ' )  

> (6) ,L -l ( R / U  
-- . - 

' where R is t h e  r a d i u s  of t h e  s t a r  and c is t h e  v e l o c i t y  of l i g h t ,  

and X is t h e  photon mean free path ( i n  c m ) .  The r e l a x a t i o n  time 

fo is cne re fo re  
.. . TPh r a s t a r  t o  be cooled by phntnr! emissi~n 

' - \ -  

(7) R 2  *> - (Ph0to'n"Enerqy Content of t he  Star) - . e  - 
CX ?Ph (a) ' I 

Using a s i m p l e  model i n  which t h e  temperature T and t h e  r a d i u s  R 

are r e l a t e d  by t h e  following condi t ion  (which is d e r i v a b l e  from t h e  

. . v i r i a l  theorem) * 
. -..-- ---. , .. .- ,- i . - (Grav i t a t iona l  Energy) = +(GMQ/R ) = ( 3 / 2 ) ~  T M 
g 

.' * .  
(Thermal Energy), (8) 

we find 

I 
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The corresponding 

emission 7 is 
V 

, 

= 2x1011TQ Ph sec 
(9) 

r e l a x a t i o n  time v i a  p a i r  a n n i h i l a t i o n  n e u t r i n o  

. .  

- e 
'V - ( d U / d t )  

- A CI 

A t  Tg = 1, T,, = 2x10 7 sec and 

conclude t h a t  a t  Tg 2 1 t h e  photon energy t r a n s p o r t  p rocess ' canno t  

be important i n  t h e  cen te r  of s t a r s .  

= 2xlOl-l sec. Hence we  can 
TPh 

S o o n ' a f t e r  t h e  temperature exceeds ry lo9  OK t h e  r a t e  of energy 

d i s s i p a t i o n  by neut r inos  w i l l  dominate over t h e  photon processes .  

Thus t ho ro  exist only narrow tcmpsraturQ-density reg ions  where 

one must consider  both photon and neu t r ino  processes  s imultaneously.  

O u t s i d e  t h i s  r eg ion  one can e i ther  coinpletely neg lec t  t h e  photon 

energy t r a n s f e r  process  (except for luminosi ty  c a l c u l a t i o n )  o r  

completely neg lec t  t h e  neu t r ino  processes .  W e  s h a l l  d e f i n e  a 

s t a r  t o  be a photon s t a r  i f  t h e  major p a r t  of t h e  energy loss of 

t h e  s t a r  is  through s u r f a c e  emission, and a n e u t r i n o  s t a r  i f  t h e  

' major par t  of t h e  energy loss i s  through neu t r ino  emission,  

The idea of a neu t r ino  s t a r  is only an a b s t r a c t i o n :  I n  rea l  
8 

s t a r s  t h e  s u r f a c e  temperature i s  i n  between 103-105 OK, t h u s  i n  

t h e  o u t e r  r eg ion  of a s tar  photon processes  must dominate. 

t h e  n e u t r i n o  a c t i v e  co re  w i l l  evolve r a p i d l y  before t h e  o u t e r  

However, 

r e g i o n  can e f f e c t i v e l y  a f f e c t  t h e  core's s t r u c t u r e  (e.g, by t h e  

a d d i t i o n  of mass t o  t h e  core ,  or t h e  a d d i t i o n  o r  removal of energy 
1 
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from t h e  c o r e ) ,  Thus, t h e  concept of a neu t r ino  s t a r  w i l l  be h e l p f u l  

i n  obta in ing  t h e  evolu t ionary  p r o p e r t i e s  of a stqir  i n  its l a t e r  

s t a g e s  

S ince  w e  neglec t  L a s  compared w i t h  -. ;f. (dU/dt) dMr (where 

t h e  i n t e g r a t i o n  extends over t h e  whole star) we can also  assert 

t h a t  i n  t h e  neu t r ino  a c t i v e  reg ion  (dL/dM) << - ( d U / d t )  . I n  t h e  

first approximation t o  equat ion ( 3 )  w e  replace (dL/dM) by zero ,  

Equation (3) t hen  becomes 
. I  

(11) e . =  - T(dS/dt)M + e, + (dU/dt) = 0, ' 

w h e r e  S is t h e  entropy per u n i t  mass.*' P a r t i a l  d i f f e r e n t i a t i o n  of 

S with  respect to t is taken at a s h e l l  of cons t an t  mass %, 

(Convection cannot occur i n  neut r ino  s t a r s ,  because t h e  temperature 

g r a d i e n t  never. exceeds t h e  ad iaba t i c  temperature g r a d i e n t  .) 

E f f e c t i v e l y  equat ion (4) may be ignored i n  c a l c u l a t i n g  the 

mechanical s t r u c t u r e  of t h e  neut r ino  s t a r  i n  r eg ions  w h e r e  neu t r ino  

emission is s t rong .  

n o t  e f f e c t e d  by t h e  inc lus ion  of equat ion ( 4 ) .  Once t h e  s t r u c t u r e  

4~ 

, 
. .  :, - .  

That is t o  say, t h e  s t r u c t u r e  of t h e  s t a r  is . .  
- 1  

. -  

.' is obta ined  one can c a l c u l a t e  L from equat ion (4).  The equat ions  for 
. .  

t h e  s t e l l a r  s t r u c t u r e  of a neut r ino  s t a r  are given by equat ions  (1) 

and ( 2 )  and equat ion (11). It can be shown thaf i f  p ( r )  and T ( r )  

. are g iven  a t  t = to, t h e  s t r u c t u r e  of t h e  st.ar at a l a t e r  t i m e  is  

uniquely  determined. The proof is q u i t e  elementary, though t ed ious .  . 

*It can easi ly  
! 

be demonstrated t h a t  egr = - T(dS/dt) . 
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EVOLUTION OF A NEUTRINO STAR 

WITHOUT NUCLEAR ENERGY GENERATION 

The enorgy sources  of stars are e i t h e r  g r a v i t a t i o n a l  or nuclear  

i n  origin. Nuclear r eac t ions  occur a t  w e l l  def ined temperatures ,  

and whcn nuclear energy is  not  a v a i l a b l e  t h e  s t a r  must c o n t r a c t  

t o  supply t h e  energy l o s t  v i a  neut r ino  emission or photon emission. 

A t  lower temperatures ( T  s lo7 OK) it was found t h a t  s t a r s  

c o n t r a c t  i n  a simple fashion.  

ature and d e n s i t y  r e l a t i o n s  of a s t a r  are  such t h a t  one can write 

Under t h e  assumption t h a t  t h e  temper- 

P K p  ( I +  (Vn) ) (12) : 

wharo K i s  a constant 'depending 'on tho mass of tho star and n is 

t h e  p o l y t r o p i c  index, one can  s impl i fy  equat ions (1) and ( 2 )  by 

t h e  fol lowing s u b s t i t u t i o n s  

* r = =os (14) 

where ro and a r e  a l s o  consta.nts.' The r e s u l t i n g  equat ion is t h e  

Lane- Emd en equat ion 

' However, a family of s o l u t i o n s  is  d e r i v a l b e  from one e x i s t i n g  

s o l u t i o n  f o r  equat ion (15) : If O(5) is a s o l u t i o n ,  t h e n  it can 

be shown t h a t  

... 

is also a s o l u t i o n  ( t h i s  is known a s  t h e  homology hypothesis)  
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Fur ther ,  when one a p p l i e s t h i s  hypothesis t o  evolving s t a r s ,  one 

f i n d s  that i n s i d e  a s ta r ,  a t  a given s h e l l  mass %, t h e  r e l a t i o n  

of the densiky p and the temperatiure T in &he oeusata OP &&me Ad 

F " ? S  I (17) 

Hence, if t h e  po ly t rop ic  index n is a cons t an t  i n  t h e  course  of 

s t e l l a r  evolu t ion ,  then  equation (17) is v a l i d  and t h e  s t r u c t u r e  

of a s t a r  can be cha rac t e r i zed  by t h e  func t ion  e ( < ) ;  t h e  evo lu t ion  
I 

w i l l  in t roduce  only a change i n  t h e  s c a l e .  (For proof ,  see f o r  

example, Eddington (1930) o r  Fowler and H o y l e  (1964) .) 

This  simple r e s u l t  works remarkably w e l l  f o r  many types  of 

' stars. One i m p l i c i t  assumption involved i n  t h e  a p p l i c a t i o n  of 

t h e  homology hypothesis  t o  s t e l l a r  evolu t ion  ( t h i s  is c a l l e d  t h e  

homologous con t r ac t ion  hypothesis) is t h e  following: Energy can 

br r e d i s t r i b u t e d  i n s i d e  s tars  a t  a r a t e  much faster t h a n  it can 

be produced b y ' g r a v i t a t i o n a l  cont rac t ion .  

.. 

* .  Fowler and Wpyle (1960, 1964) have appl ied  t h e  homologous 

' c o n t a c t i o n  hypothes is  t o  s t a r s  i n  t h e i r  l a t e  evo lu t iona ry  s t a g e s .  

. Under c e r t a i n  assumptions they  concluded t h a t  a s t a r  of m a s s  around 
% 

30 % w i l l  c o l l a p s e  when t h e  center reaches a temperature of - 6x10' OK 

and a d e n s i t y  of 2x10 7 g/cin3. A s e p a r a t e  e s t ima te  by Chiu (1964) 

and by Chiu and F u l l e r  (1962) using a similar hypothesis  showed 

t h a t  long be fo re  t h i s  temperature and d e n s i t y  is reached a c o l l a p s e  

w i l l  take p l a c e  v i a  neu t r ino  processes. 

' 
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We now examine whether  t h e  homologous c o n t r a c t i o n  hypothesis  

can be appl ied t o  neut r ino  

becomes 
*@ ( a/& ) M - (dV/Uk)  

8 

s t a r s .  I n  t h e  absence of e n  equat ion  (11) 

* =  - ( €  / P I P  for nondegenerato stars (18) VO 

where Tg i > 3, 6 

gas8  S is given by t h e  following equatiori 

= 4.3 x 10 15 and K = 9. For a nondegenerate . 
l i :  V O  

. .  

' S = R 1n(Tap-l) + Constant , 
g 

where a is  a slowly varying cons tan t ;  a = 1.5 for n o n r e l a t i v i s t i c  

matter (Tg << 1) and a = 3 for r e l a t i v i s t i c  mat te r  (Tg W '  6) ; a t  

We now assume t h a t  a t  each s h e l l  mass p and T evolve according 

t o  t h e  fol lowing r e l a t ion  

where p , and B are constants .  The homologous c o n t r a c t i o n  

hypothes is  w i l l  r e q u i r e  t h a t  B = 3 throughout t h e  s t a r .  

t u t i n g  equat ions  (19) and (20)  i n t o  equat ion (18) one o b t a i n s  

0 To' 
Subs t i -  

. I  (21) 
# 

(dT,/dt) = yTpx-B 

where 

Equation (21) can be solved 
. .  

TQ = ( T O 0 ) / ( l  

I 

exac t ly  to g i v e  
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where 

T 

(10)). Thus f o r  a homologously c o n t r a c t i n g  neu t r ino  s t a r ,  a 

is t h e  r e l a x a t i o n  t i m e  for t h e  neu t r ino  energy loss (equat ion  
V 

c o l l a p s e  occurs at a t i m e  t = to. If we use p = 3, K = 9, a = 2.7, 

then  to = (1/45)~~. The f r e e  f a l l  t i m e  for a 10 Mo s t a r  is  reached 

Tg 3 (Chiu 1964) . 
The c o l l a p s e  can be delayed t o  higher temperatures  i f  t h e  

va lue  of 8 ks c l o s e  to K - 1 = 8. One. .exact c a l c u l a t i o n  on t h e  

. evo lu t ion  of  nout r ino  s t a r s  was rccently dono by Chiu and Salpeter 

(1965). This  c a l c u l a t i o n  confirms our guess  t h a t  t h e  value of 9 

is  c l o s e  t o  8 f o r  t h e  c e n t r a l  reg ion  of t h e  s tar .  

mass is chosen t o  be 10 Mo and t h e  i n i t i a l  con f igu ra t ion  is  chosen 

The s t e l l a r  

. . t o  be t h a t  of a poly t rope  of n = l . S ( p  Q: T 3/2). No approximation 

. w a *  .-- ~ ~ d e  to t h e  equat ion of s t a t e  which included c o n t r i b u t i o n s  

. f r o m  e l e c t r o n s  and pos i t rons ,  r a d i a t i o n ,  and heavy n u c l e i  ( i r o n ) .  

I n  t h e  l o g  p - log T plane the  s t r u c t u r e  of t h e  s t a r  is represented  

i n i t i a l l y  be a s t r a i g h t  l i n e  of s l o p e  1.5. 

homologously, then t h i s  l i n e  w i l l  be d isp laced  w i t h o u t d i s t o r t i o n  

t 

' If t h e  star evolves  

a long  a l i n e  of s l o p e  3 (Figure 1). 

s t a r  is very complicated, as ind ica ted  i n  F igure  2 .  Since t h e  

n e u t r i n o  energy loss r a t e  a t  high d e n s i t i e s  is from t h e  plasma 

n e u t r i n o  process, t h e  r a t e  increases  w i t h  inc reas ing  d e n s i t y ,  

The a c t u a l  evo lu t ion  of t h e  

and 



a p o s i t i v a  temperature grad ien t  develops throughout t h e  inne r  

a r e  ncglected then  t h e  homoloqous con t rac t ion  hypothesis  cannot 

bo applied to n e u t r i n o  ~ t i l r~ i ,  Eor contra1 condit ions evolve according 

t o  p Tn where 6 s n s 9. 

EVOLUTION OF NEUTRINO STARS WITH NUCLEAR REACTIONS 

The t i m e  scale T,, f o r  a s t a r  w i t h  no energy source  other  t h a n  

t h e  g r a v i t a t i o n a l  energy t o  remain a t  a temperature T i s  g iven  by 

@ 

I n  r ea l i t y  the* ' t ime  scale is  shortened by a factor  of around 4. 

On t h e  o the r  hand nuclear  energy (from 0l6 - 0l6 r e a c t i o n  and the 

C12 - 0l6 r e a c t i o n )  is f a i r l y  abundant. The t i m e  scale 7 f o r  n 

nuc lear  burning a t  a temperature such t h a t  

, 
. is several t i m e s  (- 10)  g r e a t e r  t han  T,,, b u t  s t i l l  much less 

t h a n  t h e  photon d i f f u s i o n  time. Because nuc lear  r e a c t i o n s  have 

much steeper temperature dependence (- T30) t han  t h a t  of t h e  

n e u t r i n o  r a t e  (- T9) a neg l ig ib l e  amount of nuclear  f u e l  w i l l  

be consumed below t h e  temperature def ined by equat ion (26). 

Once nuclear  burning s ta r t s ,  i n  t h a t  p a r t  of t h e  s t a r ,  

g r a v i t a t i o n a l  con t r ac t ion  can take  place only along curves g iven  

by the cond i t ion  
I 



egr+ e, + (dU/dt) = G 
* 0 .  

Since,  i n  & 

cana I r  ion 

p and T appear i n  logari thms (equat ion  (19)), t h e  g r  ' 

determines t h e  temperature and dens i ty  r e l a t i o n  according t o  which 

t h e  s t a r  can evolve. 

For t h e  C12 - 0l6 and 0l6 - 0l6 nuclear  r e a c t i o n s ,  Fowler 

and Hoyle.(1964) have given the following r a t e s : *  
log. '12-16 = 49.7 + 10% 0 Px1G'x12 - *(2/3)lO$, TB. 

where xa is t h e  concent ra t ion  of element a. A t  p lo6 g/crn3 w e  

f i n d  t h a t  t h e  temperature defined by equat ion (26) is roughly 

Tg = 2.45 for t h e  0l6 - 0l6 r e a c t i o n  and Tg. = 1.25 f o r  t h e  0l6 - C 1 2  

_ ' r  
r e a c t i o n ;  a t  t h e s e  two temperatures one can approximate 816-16 and 

&12-16 by simpler  formulae 

e12-16 = 1 .32x10a pTQ3 Ls ergs/g-sec . .' 
. .  . 

Equation ( 2 8 )  t h u s  g ives  

*At p r e s e n t  c a l c u l a t i o n s  by S a l p e t e r  and Deinzer (.1964), S t o t h e r s  
(1964)' and Divine (1964) ' seem t o  i n d i c a t e  t h a t  C12 - C12 and C12 -016 
r e a c t i o n s  do  no t  t a k e  plkce,  s i n c e  carbon w i l l  no t  be  produced by 
helium burning i n  massive s t a r s .  
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(016 - 016 Burning) (33 )  
I 

' 1 . 3 2 ~ 1 0 ~ p T , ? ~ *  + ( ~ . G X ~ O ~ ~ / ~ ) T , ~ C X ~ [ -  2(T0/T,) 3 
_ .  

= (constant) *'i" (c12 - '016 Burning). (34) 

IA thc log p - log T p lane  equations (33)  and (34) a r e  l i n e s  of 

negat ive  s lope ,  which we  s h a l l  c a l l  t h e  n-v curves.  The p a r t i c u l a r  

curvcs  w i t h  t h e  cons tan t  replaced by zero  w i l l  be c a l l e d  t h e  n-w-zero 

curves.  

and C 1 2  - 0l6 burning (Figure 3 ) .  

We have p l o t t e d  t h e  n-v-zero curves f o r  0l6 - 0l6 burning 

To what degree can the s t r u c t u r o  of a neutrino star in the 

nuclear  burning s t a g e  i tself  dev ia t e  from t h e  n-v-zero curves? 

The nuclear  energy r a t e  has  a very sharp  temperature  dependence. 

A d e v i a t i 0 n . h  temperature T by a f a c t o r  of 4 % from t h e  curve  

w i l l . c a u s e  nuclear  energy production r a t e s  t o  vary by more than  , .,. 

, 

!' 40 % ! 

a fact~r of 3 while the  neut r ino  r a t e  only v a r i e s  from by about 

Imagine t h a t  t h e  s t a r  is on t h e  lower temperature s i d e ;  

I t h e n  a g r a v i t a t i o n a l  con t r ac t ion  w i l l  r a i s e  t h e  temperature of 

t h e  star u n t i l  nuclear  energy production t a k e s  over t h e  g r a v i t a t i o n a l  

energy product ion and i n  t h i s  p a r t  of t h e  s t a r  con t r ac t ion  w i l l  

s t a r t .  If t h e  s t a r  is on t h e  higher temperature s i d e ,  then  t h e  

excess  energy produced by nuclear r e a c t i o n s  w i l l  expand t h e  s t a r  

u n t i l  t h e  temperature  is low enough so t h a t  an cnergy balance is 

reached. Thus t h e  s t a r  is always pushed toward the  n-v-zero l i n e .  
I 



Because of t h e  extremely rapid cool ing  by neu t r ino  cinission, 

t h e r e  is  a p o s i t i v e  temperature g rad ien t  i n . t h e  co re  of t h e  s t a r  

and the rnaxhxn temperature, and 80  nuclear: huxnhna,, ocaurs i n  a 

s h e l l  surrounding t h e  core.  Thus t h e  co re  cont inues t o  c o l l a p s e  

w i t h  p cy T 8 u n t i l  it reaches t h e  n-v-zero l i n e ,  and nuclear burning 

begins.  

And, because t h e  t i m e  s c a l e  of evolu t ion  is much s h o r t e r  than  t h e  ' 

The nuclear  burning s h e l l  evolves along t h e  n-w-zero l i n e .  

t r a n s f e r r e d  t o  t h e  envelope, which a l s o  cont inues t o  con t r ac t .  

Thus t h e  s t r u c t u r e  of the s t a r  approaches the n-v-zero l i n e .  When 

the central d e n s i t y  approaches 4 x lo7 g/cm3 f o r  0l6 - 0l6 burning 

or 4 x 10 6 g/cm3 for C12 - 0l6 burning, t h e  plasma neu t r ino  process  

becemes h s o r t a n t .  

mated to an accuracy of better than 50 % a t  x s 1 by 

T h e  plasma neut r ino  loss ra te  Qt can be approxi- 

_-- .- 
' l O € C - . Q t  E 6 - 0 4  f 3 log T9 + log 06, , 

. ~ _ .  ... - 1.. 
(35) 

. where if p6 >> 1, x is  given by .. . 

i The n-v-zero curve becomes a v e r t i c a l  l i n e  and the temperature is 

independent of t h e  d e n s i t y  and is a cons t an t .  For t h e  0l6 - 0l6 
burning process  w e  have 

(38) 
* .  

Tine .  scalc  - 10 8 s e c .  

Thus during nuclear burning t h e  core' evolves  according to' th'e 
- -. - _ - _  . - _ _  .. _- . . - _  .-___-.._ -._. d -._. --.--.-- .--._.__ _ .__  . . _.._- .~ 

. .  - I . .  . . .  , . . ~ ._ ._ .. -- . ,-- - . . . . - . - .. .- -.c..- 

- .  I .  . . . -  _ . ._  . - . ,  . .  
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condi t ion  8, + (.dU/dt) = 0 and a dense co re  is formed independent 

of t h e - m a s s  of the s t a r _ .  Only an exac t  c a l c u l a t i o n  w i l l  t e l l  

u s  what the final densiky w i l l  be, Un.tai;L +hn nwla;lnnx kbi*3, i b ~  

completely consumed t h e  temperature of t h e  s t a r  cannot i n c r e a s e ,  

Tho t h o  scales for evolution v ia  noutrino emission i n  a 

r e a l i s t i c  s t a r  a r e  ind ica t ed  on Figure  3 .  

from those  p red ic t ed  on t h e  b a s i s  of simple polytropes.  

These d i f f e r  d r a s t i c a l l y  

A n e u t r i n o  

s t a r ,  it seems, evolves quick ly  ( i n  lo7 sec) a t  a temperature  of 

around 1.2 x lo9 OK (C12 - 0l6 burning) or 2.5 x lo9 OX (0l6 - 0l6 
burning) ,  i t s  ' dens i ty  increas ing  r a p i d l y ,  The t i m e  scale then 

becomes longer {- lo8 - 10 9 sec for  0l6 - 0l6 burning, and LO 11 sec I 

for  C1* - 0l6 'burning) , It is  not known i f  t h e  d e n s i t y  w i l l  reach  

a va iue  of 1010 g/cm3. 

A t  d e n s i t i e s  around lo9 g/cm 3 B-t rans i t ions  and pycnonuclear 

r e a c t i o n s  (Cameron 1959) w i l l  cause elements to approach an 

, b equ i l ib r ium s t a t e  qu ick ly ,  Tsuruta (1964) has  considered t h e  

' . equi l ibr ium of elements i n  t h i s  density-tempexatrue regime. This  

. ' approach t o  nuclear  equi l ibr ium or ,  a t  higher  d e n s i t y  t h e  forma- 

t i o n  of neutrons,  or even a s m a l l  amount of Fe d i s i n t e g r a t e s  t o  H e ,  

may be t h e  t r i g g e r  of t h e  supernova co l l apse ,  

On t h e  b a s i s  of evolut ionary p r o p e r t i e s  of photon s t a r s  Burbidge, 

Burbidge, Fowler, and Hoyle (19571, and l a t e r  i n  a more e l a b o r a t e  

- version Fowler  and Hoyle' (1960, 1964) , have argued t h a t  the 
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t r a n s i t i o n  from i r o n  t o  helium a t  a d e n s i t y  of around 10 7 g/cm3 

and a temperature of 7 x lo9 OK is s u f f i c i e n t  t o  cause a s t a r  of ' 

mass around 30 t o  co l lapse .  However, it seema that this density 

and temperature cannot be reached s ihu l t aneous ly  i n  neu t r ino  s t a r s ;  

t h e  s t r u c t u r e  of neu t r ino  s t a r s  is  so drastically d i f f e r e n t  from 

t h a t  of photon stars t h a t  t h e i r  argument is inva l ida t ed .  

p o s s i b l e  t h a t  t h e  f i n a l  co l l apse  s t a t e  w i l l  be a t  a very high 

d e n s i t y  (- 

It is 
K .  

s / c m 3 )  and a t  a much lower temperature (- 3-4x10' OK) 

CONCLUSION 

We have found t h a t  t h e  c l a s s i c a l  homology hypothesis  p h~ T 3 

is completely inapp l i cab lz  t o  t h e  evo lu t ion  of s t a r s  whose tempera- 

t u r e s  are over lo9 OK, where neut r ino  processes  dominate over 

photon processes - such s t a r s . w e  have cql led neu t r ino  s t a r s .  

Ins tead ,  neu t r ino  s t a r s  during g r a v i t a t i o n a l  c o n t r a c t i o n  evolve 

with i;, T 8, --I--.'- W A A A L ~  during nuciear burning they  evolve along t h e  
C 

n-y-zero curves which lead any s t a r  (independent of i ts  mass) t o  

a r e g i o n  of very high dens i ty .  

f u e l  t h e  c e n t r a l  temperature w i l l  i n c r e a s e  again.  The f i n a l  c o l l a p s e  

of all neu t r ino  s t a r s  i n t o  supernova w i l l  probably occur a t  a d e n s i t y  

After  t h e  exhaust ion of nuclear  

of around 10 '-lo g/cm3 and a t  a temperature of around 3-4 x 10 9 0  K. 

The mechanism f o r  c o l l a p s e  is  thought t o  be t h e  approach t o  equi- 

librium of elements 

nuc lear  r e a c t i o n s .  

( a t  high dens i ty)  via $ - t r a n s i t i o n s  or pycno- 
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t included t.ie electron conduction opacity. 

g/cm3 the opacity due to electron conduction ib; ex- 9 At p N 10 

ceedingly.smal1, the posit ive temperature gzadionk may thuo be 

replaced by an isothermal gas sphere. 
I .  
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Figure  1, 

model s t a r s  w i th  a po ly t rop ic  indew n ss Z,Sr 

evolve according t o  t h e  law p a T3. 

4 7 w i l l  reach t h e  r'e 56 - H e  region a t  a d e n s i t y  p N 10 

Whi le  t h e  concept of homologous c o n t r a c t i o n s  works reasonably w e l l  

for photon s t a r s , ,  it breaksdown completely for neu t r ino  s t a r s  as 

i n  F igure  2 .  

The evolu t ion  of homologously c o n t r a c t i n g  poly t rope  

A I L  parts e% *he sCak ' 
For a 10 Mo star t h e  c e n t e r  

and T N 7x10' OX- 

.' 
- - .- 

Figure  2. The evolu t ion  of neut r ino  s tars .  The s t r u c t u r e s  a t  

various times are shown. The highest density point on each curve , 
is  t h e  center of t h e  star.  Although t is given t o  7 decimal - 
p l a c e s  only t h e  time d i f f e r e n c e s  between s t a g e s  a r e  u s e f u l  numbers. 

The evo lu t ion  is very d i f f e r e n t  from t h a t  for  a photon s t a r  (F igure  1) 

I n  t h i s  model t h e  c o l l a p s e  condi t ion is obtained a t  p - 10 9 g/cm3 

. W A A A L e :  .L: 1 - LL LIAC star is stiii composed of i ron .  T n i s  model demonstrates 

. t h e  complete breaX down of t h e  concept of homologous c o n t r a c t i o n  

, ' i n  n e u t r i n o  s t a r s .  - 
Figure  3. n-b-zero curves f o r  0l6 - C12 and 0l6 - 0l6 r e a c t i o n s .  

xa is t h e  concent ra t ion  of t h e  e l e m e n t 2  and a curve wi th  xa = 0.2 

is a lso  shown for comparison. Along t h e  n-v-zero curves t h e  nuc lea r  

energy r e l e a s e  r a t e  i s  equal  t o  t h e  n e u t r i n o  r a t e .  

a t  h ighe r  d e n s i t i e s  occurs because t h e  plasma neu t r ino  ra te  becomes 

important  and t h e  plasma: neut r ino  rate has a d i f f e r e n t  d e n s i t y  - 

The bending 

I 
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temperature dependence from that of annihilation neutrinos, 

bers on the graphs refer to (log 7 - log xa) ( T ~  is the time scale 

in seconds for nuclear burning a.1; khak p o i n t )  

curve is also shown. 

track of a model star of 30 Ma studied by Fowler and Hoyle (1964). 

Actual stars must evolve along the n-v-zero lines. The hyphenated 

~ u m -  

n 
QPho 6 0  94 I Fas0 - Hd4 

Dotted line (- - - - - - ) is the evolution 

. .  

line (- - - - - - - - )' separates regions in which plasma 
* *  

. - -  
or annihilation 'neutrino processes dominate 'I as indicated e 
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